Background: Congenital fused labia (CFL) is defined as a failure or significant delay in the opening of the juvenile sealed labia majora. This phenotype is known to be variably common in adult captive female marmosets but has never been investigated in detail before.
| INTRODUC TI ON
It is known, among those familiar with captive common marmosets (Callithrix jacchus), that congenital fused labia (CFL) in post-pubertal females is variably common, both in frequency and the degree of closure. The CFL phenotype in marmoset occurs in different forms and degrees from a completely sealed (leaving only the urethra free) to only residual closure. But until the present study, it has not been systematically investigated nor has it been evaluated in females of different ages.
The cause of the phenomenon remains unclear, and to date, there are no other publications, with the exception of two previous small reports from our own group. One of these studies suggested a possible genetic link, 1 and the case study 2 has shown that the opening of the labia may be delayed in affected females, and that the opening occurs spontaneously, not through a forced entry from a sexually active male partner; subsequent pregnancy and birth in the same case study demonstrated normal function of the internal reproductive organs. Two publications from other groups 3, 4 have reported similar cases. In addition, recently one more report has been published, describing the case of a congenital malformation, imperforate vagina, by one of the common marmosets from a Japanese colony. 5 It remains unknown whether CFL phenotype occurs in wild marmosets among non-breeding young adult females, but personal comments from scientists working in the wild with these animals and our own observations of captive marmosets suggest that this is a captivity-associated phenomenon possibly directly or indirectly related to captive living conditions. The animals examined in the present study were born at and kept at the German Primate Center (DPZ)
colony. These were all nulliparous females of a range of ages with a mean adult weight of 411 g. 6 It should be noted that this weight is at least 1.5 times heavier than that reported for wild animals. 7, 8 In terms of a possible genetic influence on the frequency or severity of CFL, it is important to know that C. jacchus colonies in Europe have been a genetically closed population since 1974, when common marmosets were no longer exported from Brazil. 9 Minimization of inbreeding could therefore only be achieved by the exchange of breeding animals between various marmoset colonies within Europe. However, this could have only a minimal effect, since the genetic pool in total has not changed in Europe for over 50 years.
The exchange of animals among colonies means also that all marmosets in Europe are to some degree related and represent one genetic pool. However, in spite of this, it is possible that CFL may be more common in some colonies than in others. Additionally, since females with large degree of closure are neither able to copulate nor can their fused labia be opened by their breeding partners. Because of this, such animals are routinely opened surgically to enable their immediate use for breeding purposes. This is a standard management practice and is done by a qualified veterinary surgeon on a handheld animal with aseptic technique. However, there are no published studies demonstrating either that this step is necessary at all or that such females show unaffected fertility after surgical opening.
Up to now, there has been only one published analysis of the CFL phenotype in marmosets, and it was from our working group. 1 As a part of the present larger study following up on that first publication,
we have attempted to perform relatedness analysis among DPZ animals as well as to investigate external colony origins of a selected group of females. In order to accurately evaluate possible associated or presumptively causal factors, prior to any further analysis, it was necessary first to characterize and define variations in the female external genital with emphasis on the quantitative measurement of the degree of closure using a standardized measurement technique which is described in the present study.
Using this information as a basis, a range of factors potentially influencing the degree of CFL has been analysed. These were (a) patterns of age-related opening; (b) possible association of particular external colony origins; and (c) possible associations of number of external ancestors with CFL.
| MATERIAL S AND ME THODS

| Humane care guidelines
All procedures in the present study were carried out with the best practice veterinary care in accordance with the German Animal Experimentation Law (Animal Experiment Permission # 33.42502/08-01.03).
| Animals marmoset colony in DPZ
At the time this study was carried out, the marmoset colony of DPZ 2.3 | Animal-related procedures
| Age range in the study group
For the present study, the status of vulval opening was non-invasively investigated in 122 nulliparous females between 1.2 and 42 months of age. The choice of the lower age limit for the study was based on our preliminary observations, determined that up to the first 4-6 weeks after birth, it is very difficult to identify the gender (♂ or ♀) with sureness in marmosets as their external genital organs are not yet clearly differentiable. In addition, colony data from 112 animals were used to investigate family origin and possible inheritance pattern.
| Establishing a uniform measurement system for the external genital organs of the Callithrix jacchus female
To keep the data as accurate as possible, all measurements were made with a Vernier calliper. For all procedures, animals were hand-held with leather gloves and were not sedated. No pain or stress was involved, as the animals were accustomed to handling, and after the procedure received a reward. There were no previous experimental manipulations and the animals were not in breeding pairs. 
| Establishment of family trees of CFL females
In a previous study performed at the DPZ on 12 young adult females by Isachenko et al, 1 the CFL phenotype has already been basically described. However, as these animals were no longer alive at the time of the present study, no follow-up examinations could be undertaken. Nevertheless, these animals played an important role in the creation of family lines and were included in the colony analysis.
To set up family trees for CFL and non-CFL animals, the data on the central animal management computer programs Visual FoxPro, 
| Steroid hormone measurements
Common marmoset blood samples were taken from hand-held, conscious young adult animals (routine procedure in the department). 12 To investigate the possibility of steroid hormone-associated differences between CFL and non-CFL adult females, a standard set of three hormones (total oestrogens, progesterone, and androstenedione) was evaluated in serum samples of a random selection of 11
non-CFL and 15 CFL animals. All assays were described in detail in Scheerer-Bernhard. 13 The samples were taken at the same time of measurement of the external genital organs.
| Statistical analysis
Statistical analysis of the data was performed using SPSS, version 
| Correlation between CFL phenotype and age
Since our working hypothesis was that CFL is a variable delay of labial opening rather than a static phenomenon, for the next analysis we correlated the degree of closure with animal's age at the time of measurement. The scatter diagram ( Figure 3A) shows a high individual variation in the degree of closure with some females displaying partial opening at the youngest age evaluated (1.2 months). In general, there was a negative correlation (r = −0.32, P < 0.0001) between the proportion of closed labia and animal age. However, in the prepubertal period (here <1 year of age) proportion of vulval openings did not change with increasing age (r = −0.091, P < 0.398). In contrast, during and after puberty (here from ≥1 to <2.5 years), the proportion of closure starts to decrease (r = −0.24, P = 0.02), with the strongest association between the degree of closure and age among post-pubertal animals (r = −0.39, P = 0.03). This suggests that the proportion of CFL females remains stable throughout prepubertal period, and significant changes (spontaneous opening) occur only with or at variable times after the onset of puberty, presumably as a response to hormonal changes. This is well illustrated in Figure 3B , which shows that the proportion of females with the high degree of closure (over 50%) decreased significantly in the adult group (≥2.5 years), down to 6% compared to 37% among prepubertal animals (below 1 year of age) and 32% among those from 1 to 2.5 years of age (P ≤ 0.05 for both).
Therefore, age of 2.5 years presents a clear threshold, after which
F I G U R E 2 Frequency of CFL phenotype and its four grades various degrees of closure, defined as four CFL classes: (B) CFL-A (1%-25% closed), (C) CFL-B (26%-50% closed), (D) CFL-C (51%-75% closed) and (E) CFL-D (76%-100%
). vs non-CFL phenotype in the study group at the time of first measurement (n = 122 animals). Age of analysed animals varied from 1.2 to 42 mo F I G U R E 3 Frequency of the CFL phenotype in different age groups. Some of the study animals (122) were measured multiple times (from 2 to 5) at different age, total number of measurements n = 216. A, Scatter plot of the relation between animal's age and the degree of closure. The vertical line represents the CFL level estimated as "functionally open," at 50%. The two lines at 1 and 2.5 y divide the study population into three age subgroups: prepubertal (less than 1 y old); young adult (between 1 and 2.5 y old); and mature adult (older than 2.5 y). B, Proportion of females with 0% closure, that is fully open (white bars), less than 50% closure (grey bars) and ≥50% closure opening (black bars).
a,b
Different subscripts mean significant differences between age groups only very few animals can be observed with a degree of labial fusion which could prevent copulation. Figure 4 gives an overview of the origin of 113 animals that were imported from 17 other colonies into the DPZ over a period of approx.
| Colony origin of ancestors of study group animals
6 years for the purpose of building up the size of the marmoset colony. These have been used for breeding purposes and were among the ancestors of the study animals. External colonies which supplied 10 or more animals to DPZ were as follows: the Max von Pettenkofer
Institute (Munich, Germany), the University of Munich (Munich, Germany), the University of Berlin (Berlin, Germany), the Ciba animal breeding colony (Ciba Geigy Limited, CH-4332 Stein, Switzerland) and the University of Düsseldorf (Düsseldorf, Germany).
| Have certain external colonies disproportionately contributed CFL animals to the family lines?
In order to clarify whether the differences among the families in CFL 
| Steroid hormone comparison of CFL and non-CFL animals
In 11 non-CFL females in the age from 1 to 3.5 years and 15 CFL animals of the same age range (CFL C+D), serum steroid assays were performed for progesterone, total oestrogens and androstenedione for all individuals, to evaluate whether any differences in pattern could be detected. There was no significant difference in any of the three hormones evaluated between the CFL and non-CFL groups: progesterone (3.3 ± 2.5 vs 3.8 ± 3.0 ng/mL), total oestrogen (3.1 ± 1.0 vs 3.8 ± 1.3 ng/mL) or androstenedione (15.7 ± 10.8 vs 19.0 ± 5.0 ng/mL) or between CFL and non-CFL samples.
| Comparison and evaluation of CFL and non-CFL pedigrees
To obtain a more precise view of possible inheritance patterns in relation to the CFL phenotype, the pedigrees of two pubertal marmoset groups (age 1-2.5 years) were compared. For this purpose, 24
CFL and non-CFL animals were randomly selected. All CFL animals had closure of at least 50%. In addition, earliest ancestor IDs were compared for the two groups, since according to the colony management practices, IDs are assigned consecutively and, thus, are an indirect indicator for the time the family line has been in DPZ. This means, smaller ancestor's ID would mean earlier entry into DPZ of the breeding line. However, no significant difference was found between CFL and non-CFL animals in this parameter, indicating that family differences might be related to management decisions rather than time in the colony within the time period under investigation.
In conclusion, it can be stated that there was no significantly elevated number of CFL phenotypes from any given colony and no CFL inheritance pattern could be detected in the pedigrees. However, some family lines had a significantly higher frequency of CFL phenotypes, which may be hypothesized to be based on the physiological characteristics of the animals in this line.
| D ISCUSS I ON
The present study describes and analyses the commonly ob- Developmental data from our study group revealed for the first time that there is a widely variable dynamic among individuals in the speed of development of the external genitalia, in particular in the timing of labial opening. However, in spite of this variation, we also showed significant correlation between the degree of labial opening F I G U R E 5 Average number of external ancestors (A) and animals with CFL phenotype in the family line (B) in groups of non-CFL and CFL animals. *Difference is significant at P < 0.05. Data are presented as mean ± SEM and the age of animals. At puberty, the degree of opening ranges widely from fully closed to fully open. In the study group, after onset of puberty (1 year), the proportion of CFL females started to decrease, so that only very few females with more than 50% opening were found in the young adult group analysed (from 2.5 to 3.5 years of age In human infants, many physicians apply oestrogen-containing creams to treat labial adhesions. The efficiency of such treatment varies (from 50% to 90%), 16 suggesting that not all cases of such fusions are oestrogen-dependent. However, one study analysing hormone levels in infants less than 2 years of age found no evidence that oestrogen levels in girls with labial adhesions are lower than in girls without. 17 In our study, no difference in progesterone, androstenedione and total oestrogen levels in CFL animals and non-CFL animals could be shown.
In the current study, we have also attempted to determine if CFL could have a genetic cause as suggested in the Isachenko et al 1 publication. The first strategy was to generate a detailed family tree of the animals in the study group. Through evaluation of this family tree, it became clear that the relationships of the animals to each other and to the combination of animals from external colonies were so complex, that another strategy was necessary to clarify the issue.
We have therefore attempted to determine if CFL animals occurred more frequently in families where external ancestors originated predominately from specific colonies. No significant difference was found. We found, however, that CFL animals had on average higher number of external ancestors compared to non-CFL animals.
External ancestor number also correlated with number of external colonies, consistent with the breeding strategy extant in DPZ at this time and was not related to specific colonies.
In summary, CFL phenotype was observed at different degrees and at different time points in 66% of the study population of common marmosets; however, its frequency reduced with the age. CFL phenotype was more frequently found in some family lines than in others, and this was associated with higher number of external ancestors. However, no specific colonies were found to be involved more than the others in occurrence of the CFL phenotype and no clear genetic pattern of inheritance of this condition could be identified. Therefore, we would suggest that CFL is an epigenetic phenomenon possibly induced by physiological changes due to several aspects of the captive environment.
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